Cell-penetrating peptides (CPPs) have recently attracted much interest due to their apparent ability to penetrate cell membranes in an energy-independent manner. Here molecular-dynamics simulation techniques were used to study the interaction of two CPPs: penetratin and the TAT peptide with 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-snglycero-3-phosphocholine (DOPC) phospolipid bilayers shed light on alternative mechanisms by which these peptides might cross biological membranes. In contrast to previous simulation studies of charged peptides interacting with lipid bilayers, no spontaneous formation of transmembrane pores was observed. Instead, the simulations suggest that the peptides may enter the cell by micropinocytosis, whereby the peptides induce curvature in the membrane, ultimately leading to the formation of small vesicles within the cell that encapsulate the peptides. Specifically, multiple peptides were observed to induce large deformations in the lipid bilayer that persisted throughout the timescale of the simulations (hundreds of nanoseconds). Pore formation could be induced in simulations in which an external potential was used to pull a single penetratin or TAT peptide into the membrane. With the use of umbrella-sampling techniques, the free energy of inserting a single penetratin peptide into a DPPC bilayer was estimated to bẽ 75 kJmol À1 , which suggests that the spontaneous penetration of single peptides would require a timescale of at least seconds to minutes. This work also illustrates the extent to which the results of such simulations can depend on the initial conditions, the extent of equilibration, the size of the system, and the conditions under which the simulations are performed. The implications of this with respect to the current systems and to simulations of membrane-peptide interactions in general are discussed.
INTRODUCTION
Cell membranes are effectively impermeable to hydrophilic compounds unless the permeation is facilitated by dedicated transport systems. This means that many hydrophilic compounds, including many promising drug candidates, fail to reach their intracellular target because they cannot spontaneously cross lipid membranes. As a consequence, there is much interest in finding ways to facilitate the transport of molecules across cell membranes. Cell-penetrating peptides (CPPs) in particular have shown much promise as potential delivery agents. CPPs are relatively short (<30 amino acids), positively charged peptides that have been claimed to penetrate cell membranes in an energy-and receptor-independent manner (1) (2) (3) . In addition, CPPs lead to the internalization of various cargos to which they are attached. Although more than 100 CPPs have been identified, few have been studied in detail. Those for which experimental data are readily available include penetratin (4), the HIV-TAT peptide (5) , transportan (6) , MAP (7) , and polyarginines of various lengths (8) . CPPs in general have a net positive charge and are amphipathic; however, they do not have an obvious common sequence or structural motif. For example, unlike pore-forming peptides, such as melittin (9) , the majority of CPPs do not possess well-defined hydrophilic or hydrophobic surfaces.
In this work, we focus on the mechanism of action of two naturally occurring CPPs: penetratin and the HIV TAT peptide. Penetratin, also called the pAntp peptide, is a part of the Drosophila Antennapedia homeodomain (amino acids [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] RQIKIWFQNRRMKWKK) . In penetratin, 7 of the 16 residues are positively charged at neutral pH. The C-terminus of penetratin is usually amidated, as is common in other CPPs (1) . The conformation of the penetratin peptide in the parent protein is helical. However, when isolated in solution, the peptide is largely unstructured (4) , and alternative studies have suggested that the peptide is either partially a-helical (10) or has a partial b-hairpin structure (11) . Indeed, it is possible that the actual structure in solution is concentration-dependent (12, 13) . The TAT peptide is part of the transcription transactivation (TAT) protein from human HIV-1 virus (residues 48-60, GRKKRRQRRRPPQ) (14, 15) . The TAT peptide contains seven positively charged residues. Again, the C-terminus is usually amidated (1) . NMR studies suggest that the TAT peptide is unstructured in solution (16) .
CPPs have attracted much interest because of their apparent ability to penetrate cells under conditions that prevent active energy-dependent transport, such as at low temperatures or in the presence of inhibitors of endocytosis (1, 3) . Although aspects of these studies have been questioned (17) , a considerable body of evidence suggests that CPPs are not only able to bind to and insert within membranes, they can also spontaneously penetrate cell membranes. A variety of possible mechanisms have been proposed that could give rise to the spontaneous penetration of membranes by these peptides. These include the carpet model (18) , the formation of transient pores (19, 20) , the formation of inverted micelles (21) , local electroporation (17) , and direct insertion of the unfolded peptide into the membrane (22) . A major difficulty in determining the actual mechanism by which CPPs act is that, experimentally, it is not possible to study the insertion of an individual peptide into a membrane with sufficient temporal and spatial resolution to distinguish between the various alternative models.
Although it is not possible to study the interaction between peptides and model membranes in atomic detail experimentally, theoretical approaches such as molecular-dynamics (MD) simulation techniques can provide detailed structural information on the time and length scales required. All-atom MD simulations of membrane-peptide systems are increasingly being used to address complex phenomena, including the spontaneous insertion of antimicrobial peptides into membranes (23) (24) (25) (26) .
Several simulation studies of membrane-CPP systems have been reported. Lensink et al. (27) simulated the behavior of penetratin in water and the spontaneous binding of a single penetratin peptide to neutral and charged lipid bilayers. In particular, they analyzed the role of different residues in binding and attempted to estimate the binding energy. Only one study has attempted to investigate the translocation process itself. Herce and Garcia (20) examined the interaction of TAT peptides with DOPC bilayers using various peptide concentrations and system sizes. The penetration of multiple peptides into the bilayer, leading to the spontaneous formation of a transmembrane pore on the timescale of 100-200 ns, was observed. The authors proposed that the mechanism of translocation of the TAT peptide involved the destabilization of the membrane by multiple peptides leading to the formation of a transmembrane pore through which individual peptides could diffuse, similar to what has been observed in simulations of antimicrobial peptides (23, 26) . Although this is an intriguing result, a number of questions remain. In particular, it is questionable whether the timescale on which the process was observed to occur is appropriate. Experimentally, the time required for the translocation of CPPs across a cell membrane is on the order of minutes (1, 2) . In contrast, atomistic MD simulations of membrane-peptide systems are restricted to hundreds of nanoseconds. As a consequence, the spontaneous translocation of CPPs is not expected to be observed in simulations that directly mimic experimental conditions.
In this work, the interaction of penetratin and the HIV-TAT peptide with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayers was investigated. Specifically, the spontaneous binding of single and multiple CPPs to different phospholipid bilayers was studied together with the effect of peptide aggregation on the integrity of the bilayer structure. In addition, the potential of mean force (PMF) associated with the translocation of a single peptide through the membrane was calculated.
No signs of spontaneous pore formation, as reported recently for the TAT peptide (20) , were observed for either penetratin or the TAT peptide. Nevertheless, the penetratin and TAT peptides did induce dramatic changes in the structure of the membrane. The PMFs obtained from a combination of ''pulling'' and umbrella-sampling simulations suggest that there is a significant barrier to the penetration of both peptides into the membrane. In addition, it was found that the apparent effect of the peptides on the integrity of the membrane was strongly dependent on the size of the system studied and the nature of the simulation conditions used, and that even on a timescale of hundreds of nanoseconds the PMFs obtained were still sensitive to changes in the starting configuration. The implications of this for studies of peptide insertion into membranes in general are discussed further below.
MATERIALS AND METHODS

General setup
All simulations were performed using the GROMACS 3.3.1 suite of programs (28) . The GROMOS 43a2 force field (29) was used to describe the peptide, and the lipids were described using the parameters of Berger et al. (30) . Water molecules were described using the simple point charge water model (31) . All simulations were performed under periodic boundary conditions at constant temperature and pressure. Unless otherwise stated, long-range electrostatic interactions were computed using the fourth-order particle mesh Ewald (PME) method (32) with a Fourier spacing of 0.15 nm. The real space coulombic interactions and the pair-list calculations were set to 1.0 nm. van der Waals interactions were computed using the shifted Lennard-Jones potential with a general cutoff of 1.1 nm and a shifting cutoff of 1.0 nm. Bond lengths within the peptides and lipids were constrained using the LINCS algorithm (33) . The water molecules were constrained using SETTLE (34) . A summary of the simulations performed and further details regarding the simulation protocol are provided in the Supporting Material (Table S1 ).
Peptides
The initial coordinates of penetratin were taken from the crystal structure of the Antennapedia homeodomain protein (PDB code 1AHD). The coordinates of missing atoms were obtained using the autopsf plug-in of the program VMD (35) . The initial coordinates of the TAT peptide were taken from the NMR structure of the HIV-1 TAT protein (PDB code 1JFW, model 1). The C-termini of both peptides were amidated. Penetratin and the TAT peptide were first energy-minimized in vacuum and then placed in a truncated octahedral box and solvated by 2811 and 3692 water molecules, respectively. Since the peptides carry a net positive charge, Cl À counterions were added to achieve neutrality of the system. Both systems were simulated for 25 ns under NPT conditions. were placed in a rectangular box and solvated to obtain a water/lipid ratio of 38-40 corresponding to liquid crystalline DPPC at full hydration. The bilayers were equilibrated until the area per lipid stabilized (~50 ns). A bilayer containing 512 lipids (256 in each monolayer) was constructed by replicating the equilibrated 128-lipid system in the X and Y directions, where the Z axis is normal to the bilayer.
Peptide-bilayer systems
To construct the peptide-bilayer systems, one or more peptide molecules were oriented such that their principal axis was aligned with the X axis of the box, and placed above the bilayer so that the minimum distance between any heavy atom of peptide and the bilayer was 0.2 nm. Water molecules that overlapped with the peptides were removed, Cl À counterions were added to neutralize the system, and each system was energy-minimized before the simulations were initiated.
Pulling
To study the process of penetration, which is slow compared to the timescale of the simulations (~100 ns), an external force was applied to the peptide to accelerate the rate at which it entered the membrane. A harmonic potential with a force constant of 1000 kJ/mol/nm 2 was applied between the center of mass of the peptide and a reference position along the Z axis determined with respect to the center of mass of the membrane. The reference position was then moved at a rate of 10 À4 nm/ns. The motion of the peptide in the XY plane was not restrained. Reference values of Z > 0 nm and Z < 0 nm correspond to the ''upper'' and ''lower'' monolayers, respectively. Two pulling simulations were performed for each system. The first involved the gradual change in the reference position from Z ¼ 3.2 nm (i.e., above the upper monolayer) to Z ¼ À3.0 nm (i.e., below the lower monolayer), causing the peptide to be dragged through the middle of the bilayer. The second pulling experiment was performed in the opposite direction from Z ¼ À1.0 nm (i.e., the hydrophobic part of the ''lower'' monolayer) to Z ¼ 1.5 nm (i.e., the center of the ''upper'' monolayer).
Umbrella sampling
To determine the free-energy profile of translocation, umbrella sampling (37) techniques were used. Snapshots from the pulling trajectories were used to initiate a series of simulations in which the center of mass of the peptide was harmonically restrained as described above at a series of fixed Z values. Configurations from the forward trajectory were selected every 0.05 nm in the range Z ¼~3.2 nm (i.e., above the upper monolayer in the bulk water) to Z ¼ 0 nm (i.e., the center of the bilayer), and from the reverse trajectory in the range Z ¼ À1.0 nm to Z ¼~1.5 nm, again at 0.05 nm intervals, resulting in 51-71 windows depending on the system. Each window was simulated for up to 100 ns and the free-energy profiles were constructed using the umbrella integration technique (37) (see Supporting Material).
RESULTS
Peptides in water
Consistent with the results of previous MD studies (27) , penetratin, which was initially placed in a fully a-helical conformation, was found to partially unfold, with only the central portion of the peptide (residues 47-55) remaining helical ( Fig. S1 ). Although the time simulated (25 ns) is clearly too short to sample a true equilibrium distribution of states, previous studies (27) suggest that such a partially helical state is stable for hundreds of nanoseconds. Therefore, the structure at 25 ns was used as the starting conformation for all subse-quent simulations. In contrast to penetratin, which remained partly helical, the TAT peptide sampled a wide range of conformations during the 25 ns of simulation ( Fig. S1 ). This is in line with available NMR data suggesting that the peptide is unstructured in solution (16) . Again, the final conformation after 25 ns of simulation was used as the starting structure in all subsequent work.
Spontaneous binding and aggregation
Possible alternative mechanisms by which CPPs could act include the direct disruption of the membrane and/or the formation of a transmembrane pore (20) . To study the spontaneous binding of the peptides to a lipid bilayer, as well as the potential for the peptides to induce the formation of pores, a series of MD simulations of different peptide membrane systems was performed. First, a system similar to that simulated by Herce and Garcia (20) was investigated. Starting from an equilibrated DOPC bilayer containing 128 lipids, a series of four TAT peptides were added consecutively close to one side of the bilayer. The system was equilibrated for 10 ns after the addition of each peptide. To ensure that all peptides bound to the same monolayer, a weak harmonic potential (force constant 30 kJ/mol/nm 2 ) was applied between the center of mass of each peptide and the center of the bilayer (Z direction only). When all four peptides were bound to the membrane, the biasing potential was removed and the system was simulated for 200 ns without restraints. Two systems were simulated: one in which counterions were included to ensure the electroneutrality of the system, and one without counterions, replicating the setup used by Herce and Garcia (20) . In both cases, the long-range electrostatic interactions were calculated using the PME approach. No signs of spontaneous pore formation were observed within 200 ns with or without counterions. The peptides appeared to diffuse randomly on the surface of the membrane and showed little tendency to either aggregate or penetrate into the membrane. The membrane itself remained planar. The primary difference between the simulations with and without counterions was in the area per lipid. The area per lipid in the system with counterions was 0.64 nm 2 , close to that obtained for pure DOPC (38, 39) . In contrast, the area per lipid for the system without counterions was 0.79 nm 2 , close to the value reported by Herce and Garcia (20) . The bilayer had thinned significantly, suggesting it was under considerable stress (see Fig. S2 ).
Binding of multiple peptides to large bilayer patches
A bilayer patch of just 128 lipids is heavily constrained by the imposition of periodic boundary conditions. For this reason, the effect of the addition of peptides to a DPPC bilayer patch consisting of 512 lipids was investigated. Eight penetratin and eight TAT peptides were added to separate systems. Again, a weak harmonic potential (force constant Biophysical Journal 97(1) 40-49 30 kJ/mol/nm 2 ) was applied between the center of mass of each peptide and the center of the bilayer along the Z axis to ensure that all peptides bound to the same side of the membrane. The biasing potential was removed after the peptides bound to the membrane and each system was simulated for~50 ns.
For the first 10 ns the peptides appeared to diffuse randomly on the surface of the membrane, forming dimers but causing little obvious disruption of the membrane (Fig. 1 a) . As larger aggregates formed, the membrane began to deform ( Fig. 1 b) . The peptides migrated toward the center of the depression, forming a compact cluster ( Fig. 1 c) . This continued until the membrane began to encapsulate the cluster of peptides ( Fig. 1 d) . To ensure that the distortion of the membrane was not due to periodicity artifacts induced by the use of the PME approach, the calculations were repeated using a cutoff together with a long-range correction based on a generalized reaction field approach with a dielectric constant of 80 (40) . The results obtained using the two alternative approaches were essentially identical.
Pulling simulations
Because it was not possible to observe the spontaneous penetration of either penetratin or the TAT peptide on the timescale of the simulations, a harmonic restraining potential was applied between the center of mass of a single peptide and a reference point fixed relative to the center of the membrane, which was then moved at a rate of 10 À4 nm ns À1 in the direction normal to the plane of the membrane. This caused the peptide to move across the bilayer, as illustrated in Fig. 2 for the case of penetratin interacting with a DPPC bilayer. Placed initially above the plane of the membrane (Fig. 2 a) , the peptide bound parallel to the plane of the membrane, resulting in a slight depression within the upper monolayer. The structure of the lower monolayer was unaffected ( Fig. 2 b) . As the restraining potential acting on peptide was increased with time, the center of mass of peptide moved toward the center of the bilayer (Fig. 2 c) . The distortion within the upper monolayer gradually increased until a critical point was reached, at which time the formation of a hydrophilic toroidal-like pore was observed ( Fig. 2 d) . The surface of the pore was lined with lipid headgroups and the pore itself was filled with water. Once formed, the pore was stable and remained largely unchanged until the center of mass of the peptide reached the lipid-water interface of the lower monolayer ( Fig. 2 e) . After the center of mass of the peptide was pulled beyond the plane of the lower monolayer, the membrane again began to deform due to interactions between the peptide and the membrane (Fig. 2 f) . Finally, the interactions with the membrane rupture, with several lipids remaining bound to the peptide. If the direction of pulling was reversed before the interactions between the membrane and the peptide were disrupted, the peptide simply moved back through the pore. Distortions in the membrane were again observed, however, as the peptide was dragged beyond the upper monolayer. Equivalent results were obtained in the case of the TAT peptide (results not shown).
Umbrella sampling
The pulling experiments described above are clearly far from equilibrium. In an attempt to generate an equilibrium freeenergy profile for the translocation of penetratin and the TAT peptide across a DPPC bilayer, configurations extracted from the pulling trajectories were used as starting points for a series of umbrella sampling simulations. In these simulations the center of mass of the peptide was restrained to a particular depth within the membrane, separated by 0.01 nm intervals, and the systems were monitored for up to 180 ns. The free-energy profiles or PMFs, estimated using the umbrella integration technique (37) (see Materials and Methods) for successive 20 ns windows, are shown in Fig. 3 . The PMF is plotted from just before the center of the membrane (Z ¼ À0.3 nm) to where the peptide is surrounded by bulk solvent and no longer interacts directly with the bilayer (Z ¼ 3.5 nm). The overall shape of the PMF is very similar for both peptides. There is a maximum in the PMF close to the center of the bilayer (Z ¼ 0 nm) and a shallow minimum (Z ¼ 2.0-2.5 nm) corresponding to where the peptide is interacting with the bilayer-water interface. As is evident from Fig. 3 , the height of the maximum decreases with increasing equilibration time. In addition, although the PMF is expected to be symmetric with respect to the center of bilayer (Z ¼ 0), on close inspection it can be seen that it is not. This shows that although the system was allowed to equilibrate for at least 80 ns in each window, the PMFs have still not fully converged. Nevertheless, two important features regarding Fig. 3 should be noted. First, there is a marked kink in the PMFs around 0.5-0.6 nm, which becomes more pronounced as the system is equilibrated. This kink, which is indicated by the arrows in Fig. 3 , marks the separation between when the peptide lies within the central region of the membrane, and the barrier associated with the peptide crossing the interfacial region. Visual inspection of the trajectories shows that the kink is associated with the formation of the transmembrane pore. The second notable feature is that the free-energy barrier to translocation is consistently lower in the case of penetratin than for the TAT peptide.
To examine the sensitivity of the PMFs obtained to the initial configurations used in each window, the calculations were repeated using configurations taken from the simulations in which the direction of pulling was reversed, i.e., starting from Z ¼ À1.0 nm and continuing until Z ¼ 1.5 nm. Note that the direction in which the peptide was pulled was reversed after a transmembrane pore formed. The calculations were performed only for the case of the penetratin-DPPC system. The results using configurations from the forward and reverse pulling trajectories for different sampling times are shown in Fig. 4 . In regard to Fig. 4 , it should be noted that although the simulations at each value of Z are in principle independent, the umbrella integration technique uses a weighting procedure that combines the results from a range of windows to obtain the force at a specific value of Z. It is this value that is then used to generate the PMF profiles shown in Figs. 3 a and 5. This procedure in effect smoothes the force profile and explains why the variation in the forces at adjacent values of Z for different sampling times appear correlated in Fig. 4 .
The first thing that can be noted from Fig. 4 is that the overall shape of the curves corresponding to configurations taken from the forward (black curves) and reverse (gray curves) pulling trajectories differ significantly even after extensive equilibration (squares and circles in Fig. 4) . The forces are similar in the central region of the membrane (near Z ¼ 0 nm), suggesting that the values in this region are nearly converged, but diverge significantly after Z ¼ 0.1 nm. Specifically, in the region between the center of the membrane and the point where the pore is first formed (from Z ¼ 0.1 nm to Z ¼ 0.6 nm), the mean force is positive in the case of the forward pulling configurations, indicating that work is required to pull the peptide toward the center of the membrane. However, it is negative in the case of the reverse pulling configurations, indicating that work is required to pull the peptide away from the center of the membrane. Furthermore, a sharp discontinuity at Zz0:6 nm is evident in the forward pulling configurations, but not in the reverse pulling configurations. To determine whether it is possible to obtain convergence in the center of the membrane, nine windows located in the range Z ¼ 0.1-0.5 nm from the forward and reverse pulling trajectories were each simulated for an additional 50 ns starting from 80 ns in the case of forward pulling configurations, and from 20 ns in the case of reverse pulling configurations. As can be seen from Fig. 4 b (triangles) , extending the trajectories resulted in the forces from both the forward and reverse pulling configurations converging to similar values.
DISCUSSION
Although MD simulations of membrane systems have progressed dramatically in recent years, and phenomena such as pore formation by simple antimicrobial peptides (23, 26) have been simulated in atomic detail, simulating the translocation of CPPs through a membrane represents a major increase in complexity over previous studies. In particular, the spontaneous translocation of the peptide across a membrane is known from experiment to be a rare process, with rates on the order of single events per minute (1) . Spontaneous translocation events are not expected to be observed on the timescales accessible to MD simulations performed under experimental-like conditions, unless nonphysical restraints are applied to accelerate the underlying process.
Experimentally, it is not known whether penetratin or the TAT peptide aggregates before penetrating the membrane. Although some studies (41, 42) suggest the TAT peptide forms clusters on the surface of membranes, it is not known whether such clusters are required for translocation. Previous simulation studies suggested that although single copies of penetratin or the TAT peptide readily bind to the surface of lipid bilayers, they do not penetrate on timescales of up to 200 ns (20, 27) . This is in line with an increasing body of work involving both experiments and simulations that suggests that many pore-forming antimicrobial peptides are active only as aggregates (23, (41) (42) (43) .
Spontaneous pore formation
Herce and Garcia (20) recently reported the spontaneous formation of hydrophilic pores in simulations of multiple copies of the TAT peptide bound to a DOPC bilayer. This work is important in that it provided a possible model for the process of translocation. However, the fact that the a b FIGURE 4 The mean force as obtained using the umbrella integration technique for the translocation of penetratin through a DPPC bilayer using structures taken from the forward and reverse pulling simulations for different averaging times. The region from Z ¼ 0.1 to Z ¼ 0.5 (shaded in a) is enlarged in b. Z ¼ 0 nm corresponds to the center of the membrane. The discontinuity indicated by the arrow corresponds to the onset of pore formation in the case of the configurations from forward pulling trajectories.
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formation of the pore occurred spontaneously within 200 ns raises serious questions as to whether the simulations represent the experimental system appropriately. In particular, pore formation in the simulations of Herce and Garcia was only observed at very high ratios of peptide to lipid (P/L ¼ 1:18) or at elevated temperature, and without the inclusion of counterions. Since each of the TAT peptides carried a net charge of þ7, this meant that the system overall was strongly charged, leading to possible artifacts. In fact, in the simulations of Herce and Garcia (20) , the bilayer area/ lipid expanded to~0.8 nm 2 . The lateral expansion of the bilayer and the associated thinning of the hydrophobic core may explain why the spontaneous formation of pores was observed in these simulations. Of particular note is the fact that Herce and Garcia used PME to calculate the long-range electrostatic interactions. In this case, instead of counterions being used to neutralize the system, a uniform background charge is added to the system to ensure overall electroneutrality (44) , which may account for the expanded area per lipid. To test this possibility, simulations were performed of multiple copies of the TAT peptide interacting with a DOPC bilayer (P/L ¼ 1:32) in which counterions were added to the system to achieve overall neutrality. In these simulations no thinning was observed, and the area per lipid varied between 0.65 and 0.68 nm 2 , close to the range (0.63-0.7 nm 2 ) of area per lipid reported for pure DOPC (38) . This suggests that the use of PME without counterions in this system can lead to severe distortions in the bilayer due to the introduction of the uniform background charge induced by the peptide, as opposed to the peptide itself. Simulations were also performed under conditions equivalent to those of Herce and Garcia (20) (i.e., using PME and no counterions). In these simulations an area per lipid similar to that reported by Herce and Garcia (20) (0.78-0.8 nm 2 ) was obtained; however, no signs of spontaneous pore formation or deformation of the membrane were observed. Note that Herce and Garcia did not observe spontaneous pore formation at ambient temperatures for P/L ratios smaller than 1:18.
Micropinocytosis
The type of deformation that can be observed in simulations of small membrane patches consisting of only 128 lipids is limited by the periodic boundary conditions. Although simple deformations, such as the formation of a pore leading to membrane rupture, are possible, larger deformations, such as bending or invagination of the membrane, are not. When eight copies of Penetrin or the TAT peptide were bound to a DPPC membrane consisting of 512 lipids, the membrane was observed to wrap around the cluster of peptides, forming a deep groove ( Fig. 1 d) . To our knowledge, such large-scale deformations due to the presence of peptides have not been previously reported in simulations of membrane systems. Of importance, the process illustrated in Fig. 1 d would be the initial step in an alternative mechanism, known as micro-pinocytosis, by which CPPs could enter cells. Micropinocytosis does not require the formation of a transmembrane pore. Instead, the invagination caused by the membrane wrapping around the cluster of peptides would become detached from the membrane, leading to the formation of a spherical or tubular vesicle within the cell that encapsulated the peptides. Such a micropinocytosis mechanism was previously suggested to be involved in the internalization of certain CPPs (45, 46) . Alternatively, the invaginations could simply rupture, releasing the peptides into the cytosole. An interesting aspect of this mechanism is that it depends primarily on there being a high charge density on the surface of the membrane, such as is induced by the aggregation of the peptides. For example, a similar phenomenon has been observed in simulations of large patches of lipid bilayers containing an asymmetric distribution of charged lipids between the monolayers or domains of charged lipids (A.H. de Vries, University of Groningen, personal communication, 2008). This might explain how penetratin, the TAT peptide, and other charged CCPs could act via a similar mechanism despite having very different physicochemical and structural properties.
Translocation of a single peptide and PMF calculations
Micropinocytosis and pore formation by multiple peptides are two possible mechanisms that might explain the energyindependent translocation of CPPs; however, both require the presence of very high, and potentially nonphysical, local concentrations of peptide. To investigate how a single peptide might cross a membrane, a series of pulling simulations were performed in which a single penetratin or TAT peptide was forced to cross a DPPC membrane. These simulations showed that even a single peptide could induce the formation of a transmembrane pore and thus could in principle transport cargo molecules. To determine whether this mechanism is possible from a thermodynamic perspective, the free-energy profile (also known as the PMF) for the translocation of both peptides across a DPPC bilayer was computed. To obtain the correct PMF, the system must sample an equilibrium distribution of states within each window. Although ensuring that an equilibrium distribution has been sampled is relatively straightforward in the case of the translocation of a small molecule or ion, it represents a major challenge in cases involving large, flexible molecules such as CPPs. In particular, since the rotational diffusion of peptides in the membrane is slow on the timescale of the simulations, great care must be taken in generating the initial conformations.
Here, snapshots from the pulling simulations were used as starting structures for the umbrella sampling simulations. This approach ensured that the starting structures for different windows were generated in a consistent manner. However, it also means the configurations in the successive windows were correlated. The fact that the peptide induces the formation of a transmembrane pore as it is dragged into the center of the bilayer presents another complication in obtaining a converged PMF. Once formed, such transmembrane pores can be stable for many tens, if not hundreds, of nanoseconds. This led to a pronounced hysteresis between pulling simulations in the forward and reverse directions, which made it difficult to sample a true equilibrium distribution on the timescales accessible. This was true for both the formation of the pore and the release of the peptide from the membrane. In principle, to obtain a converged PMF in such cases it is necessary to sample configurations in which a pore is present, and states that do not contain a pore. That is, the length of sampling must be much longer than the time required for pore formation and collapse at all values of Z. The extent of sampling that would be required to obtain a fully converged profile is most evident if one compares the forces acting on the penetratin peptide in simulations using configurations taken from the forward and reverse pulling trajectories ( Fig. 4 ). Whereas the forces are similar in the central region of the membrane near Z ¼ 0 nm (suggesting convergence), they diverge and even have opposite signs in the region Z ¼ 0.5-1.5 nm. In particular, there is a sharp discontinuity at Z z 0.6 nm in the case of the forward pulling configurations, but not in the case of the reverse pulling configurations. This discontinuity corresponds to the kink in the PMF (Fig. 3 ) associated with the formation of the pore and the reorientation of the peptide. Although the peptide always lies along the water-membrane interface, it rotates from being parallel to the plane of the bilayer (without a pore) to more perpendicular to the plane of the bilayer (with a pore). Note that in both cases the conformation of the peptide, although fluctuating, remains similar to that in solution (the TAT peptide is largely unstructured, whereas penetratin retains some helical content). A similar kink is not observed starting from the reverse pulling configurations as the pore is meta-stable on the timescale of the simulations, and persists even after the peptide is dragged beyond the bilayer-water interface.
The time required for the formation and collapse of the pores is clearly long compared with the timescale simulated. This, together with the fact that the peptides sample a range of conformations and orientations, leads to significant hysteresis in the profiles. Because of these difficulties, only isolated peptides were considered in the pulling simulations. One way to improve sampling in such systems might be to use coarsegrained models (47) in which chemical detail is sacrificed to enhance speed. However, in cases such as this, which involves changes in conformation, the burial of charged residues, and induction of pores, and for which specific interactions are likely to be critical, such coarse-grained approaches would in general be less appropriate. Fig. 5 shows the best estimate of the PMF for penetratin. This free-energy profile was obtained by combining the results from the extended simulations in the region Z ¼ 0-0.5 nm and using the results from the forward pulling trajectory from 80 to 100 ns for the region Z ¼ 0.5-3.5 nm. The complete profile was obtained by reflecting the PMF about Z ¼ 0 nm. The overall umbrella sampling calculations suggest that 1), the rate-limiting step for the translocation of a single peptide would be the formation of a transmembrane pore; 2), the height of the barrier associated with a single peptide entering the membrane and forming a pore is consistently greater in the case of the TAT peptide compared to penetratin within a specific simulation time, suggesting that penetratin should translocate more readily than the TAT peptide; and 3), even a single peptide can stabilize a transmembrane pore, and once the pore is formed, the diffusion of the peptide across the membrane within that pore is expected to be rapid. Note that the height of the barrier to the translocation of a single penetratin molecule is predicted to be %75 kJ/mole. Of interest, the height of the barrier is similar to that found for the translocation of lipids, which is also pore-mediated (48) . Although these barriers are high, a simple application of Eyring theory suggests that barriers of this magnitude are in principle accessible at 300 K on timescales as low as seconds to minutes depending on the effective prefactor. The barriers to the translocation of primarily hydrophobic peptides appear to be significantly lower. For example, Babakhani et al. (49) determined the PMF for the translocation of model hexapeptide WL5 and found no pore formation, with the PMF showing a minimum of~45 kJ/mol in the hydrophobic region of the membrane. 
CONCLUSIONS
In this work, MD simulation techniques were used to investigate the mechanism by which the CPPs penetratin and the TAT peptide interact with membranes. In contrast to previous simulation studies, no spontaneous formation of transmembrane pores was observed on the timescales investigated. Instead, the simulations suggest that micropinocytosis may explain how CPPs facilitate the transport of cargo molecules into cells. Although pore formation induced by either a single peptide or a cluster of peptides remains a possible mechanism by which CPPs act, this work highlights the fact that one must use extreme caution when interpreting simulations, especially when specific events occur on unrealistic timescales. More generally, it shows that only when large bilayer patches (R500 lipids) are used can alternative mechanisms that involve large-scale deformation of the membrane, such as micropinocytosis, be tested. Furthermore, even when sampling times exceeding a total of 20 ms (100 ns per window) were used, it was still not possible to obtain fully converged profiles for the free energy associated with inserting a peptide into a membrane.
SUPPORTING MATERIAL
One table and two figures are available at http://www.biophysj.org/biophysj/ supplemental/S0006-3495(09)00846-7.
